imulations of the thermally induced breeze involved with a relatively narrow, elongated water body is presented in ~njunction with evaluations of sensible heat fluxes in a stable marine atmospheric surface layer. The effect of the water surface temperature and of the large-scale synoptic winds on the development of surface flows over the water is examined. As implied by the sensible heat flux patterns, the simulation results reveal the following trends: (1) When the synoptic flow is absent or light, the induced surface breeze is not affected noticeably by a reduction of the water surface temperature; (2) for stronger synoptic flow, the resultant surface flow may be significantly affected by the water surface temperature.
gr!ldients which may be involved with a relatively cold WB. They are compared against typical values of sensible heat fluxes over land surfaces, in order to provide a qualitative evaluation of the potential intensity of mesoscale circ,!lations in such situations. Quantitative evaluations of the WB surface bree~e in several synoptic flow cases are carried out by means of numerical mod~l simulations.
SENSIBLE HEAT FLUXES OVER WATER AND LAND SURFACES
Evaluation of the WB sensible heat fluxes (H.) and its cooling effe"ts on the atmosphere has been performed u$ing the functional relations given by Businger et al. [1971] . It consists of the following formulations: " H. = p.cpu.8. Elongated and narrow water bodies (e.g., smaller than 20 km in width) are typical in many geographical locations. They consist, for example, of estuaries, bays, and natural and artificial lakes (the latter are mostly created by damming of a river). In these locations, a daytime induced breeze, including its interaction with the synoptic flow, may produce an involved pattern of surface flows. Evaluation of these patterns is of importance, for example, in considerations relating to wave characteristics and currents in the water body and in meteorological aspects such as tocal boating forecasts, air quality, ana heat load conditions during the warm season. The purpose of this paper is to suggest some insight into the local wind flow resulting from such water bodies (henceforth referred to as WB). Emphasis is given to the evaluation of the impact of the water surface temperature, and cross-WU synoptic flow intensity on the pattern of the WB surface flow. It is worth noting that the atmospheric-induceq thermal circulations involved with such a WB differ from that of the sea, since the mesoscale available potential energy [see, e.g., Green and Datu, 1980] is smalier, and therefore should be weaker as compared with the sea case. Additionally, the interaction with each other of breeze circulations induced by the opposite shores of the narrow WB, and their modificatio~ by the e~isting synoptic flows, are expected to produce more involved surface flow patterns as compared with those corresponding to the sea case.
The land-water surface temperature contrast is commonly used for a simplified scaling of lake/sea breeze intensity [e.g., Biggs and Graves, 1962; Lyons, 1972] . However, the sea breeze intensity is actually more closely related to the horizontal pressure gradient that is established due to the differential thermal heating at the surface and in the lower troposphere between the water and land bodies. It is the differential sensib~e heat flux ~hat.is generally most closely. related to the magZo = 0.032u 2/g (4) mtude and dIrectIon of the pressure gradIent force generated * during the day by land juxtaposed to water. Hence a conNeglecting laminar sublayer effects in the previous dericeptu~lIy better evaluation of the anticipated sea breeze intenvations may introduce some errors mostly for light winds; sity may be provided by estimating the differential sensible however, such refinement is not of importance in the context heat fluxes between the water and the land sections. In the of the present study. present study we evaluate (and illustrate by a nomogram) senBased on relations (1}-{4), a nomogram (see Figure 1 
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cp air specific heat at constant pressure; ko the von Karman constant; (J. potential temperature at the sea surface; Pa air density; Zo water roughness parameter; z height above the water; L the Monin-Obukov length; u., (J. friction velocity and surface layer buoyant temperature, respectively; V, (J wind speed and potential temperature, respectively; I/Im, 1/18 integrated profile functions within the surface layer.
The value of Zo over the water was computed according to Clarke [1970] , i.e., Copyright 1985 by the American Geophysical Union.
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The characteristics of the sensible heat fluxes over water and land surfaces suggest that except for cases involving relatively strong synoptic flows, the cooling by sensible heat flux within the stableWB surface layer is of little importance in the development of the thermally forced breezes. The nomogram considers a stable atmospheric surface marine layer and will be related to the numerical simulations described in section 3. Situations in which the surface air temperature may be significantly higher than the surface water temperature can be established, for example, due to upwelling, or due to offshore synoptic flows during the warm season crossing a relatively cold water body. The following general patterns are indicated by the nomogram:
1. At low wind speeds, the maximum rate of atmospheric cooling by the sensible heat flux exchange is obtained for moderate i\() values. However, the magnitude of the sensible heat flux in this situation is relatively low. .
2. As the wind speed intensifies, the atmospheric cooling increases monotonically. In the nomogram, for example, a sensible heat flux of 150 W m-2 is computed for a wind speed of 10 m S-l with i\() = 10°C.
Computing a similar nomogram for the unstable surface layer over the land is not practical, since unlike a WB with a relatively deep thermocline, the surface temperature is not steady, and consideration of various Zo values is needed. Hence we preferred to present typical values reported in the literature for the land values. Based on observations [e.g., Oke, 1978] and model studies [e.g., Sasaniori, i97Q; McCumber and Pielke, 1981] , it is suggested that sensible heat fluxes over land during summer noon hours in the midlatitUdes are generally within the range of 200-500 W m-2. Hence except for relatively strong surface winds, the sensible heat fluxes over a land surface during a sunny summer day in the midlatitudes are at least one order of magnitude or larger than those involved with water surfaces.
SIMULA nONS
Evaluation of the breeze with a narrow, elongated lake as a function of the synoptic flow intensity and the WB surface water temperature has been carried out by means of a twodimensional numerical mesoscale model (for its formulation, see Pielke [1974] , Pielke [1977, 1978] ). The land adjacent to the WB was considered to consist of relatively dry, bare soil. The input parameters are those tabulated by Mahrer and Pielke [1977] . The horizontal domain of simulation has been discretized using a horizontal grid interval of 3 km, where 6 points represent the WB. In the vertical, 14 levels (with a top level at 7 km) have been adopted (see Table 1 for level heights). The chosen meteorological input (Table 1) reflects summer conditions in the eastern Mediterranean area for temperature and moisture. Simulations were carried out for a WB with steady surface water temperatures, T.. 9f either 27.5°C and 18.5°C for the following three geostrophic flow situations (with an initial planetary boundary layer top of 250 m): (1) no geostrophic flow; (2) geostrophic flow of Yg = 5 m s -1 crossing the WB; (3) same as situation 2, however, with Yg = 10 m s -1. It is worth noting that the surface wind speed and direction in the last two cases differ from those of the geostrophic wind, as implied from the Ekman solution for the wind profile in the planetary boundary layer (PBL). In addition, in order to develop further insight into the role of sensible heat fluxes over the WB on the development of the WB breeze, test simulations in which thermal fluxes between the WB and the atmosphere were excluded in cases 1 and 3 were performed. All the simulations began at 0800 LST with the assumption of an initial horizontally homogeneous thermal stratification in the atmosphere throughout the whole domain. The flow at 5-m height at 1400 LST for these cases is presented in Figure 2 . The patterns obtained indicate the following (the water surface temperature is always lower than that of the overlying air).
1. When Yg = 0 (Figures 2a~2c), there are only minor changes in the surface flow regardless of the surface water temperature. The negligible effect of WB surface temperature is reflected by the fact that the e'imination of the heat fluxes over the WB produced the same pattern as in the regular simulations. Examining Figure 1 indicates that typical heat fluxes over the WB are less than 15 W m-2. On the other hand, typical computed heat fluxes o~er the land for that hour were around 300 W m-2, which explains the minor role that the fluxes over the WB has in the creation of an atmospheric thermal gradient (and consequently the pressure gradient) between the land and the water body. WB, while at the same time the onshore atmospheric thermal structure is modified by sensible heat fluxes.
changed from the previous case with values at the presented hour on the order of 290-350 W m -2. Also a cooling effect of the WB with respect to Figures 2a -2c is implied by the flow patterns (Figures 2d and 2e ) and the nomogram. However, results indicate that the difference in cooling between the cool (Figure 2d ) and less cool (Figure 2e ) WB is insufficient to induce any major differences in the interaction of the WB breeze with the synoptic flow. In both cases some downstream shift of the lake circulation is evident, as compared with the Yg = 0 cases. The confluence of southwesterly surface synoptic flow with an about equally intense southeasterly induced lake breeze at the western wide of the WB produced, as expected, relatively strong southerly resultant flow. This type of flow pattern has been observed and modeled for wider WB cases [e.g., Strong, 1972; Physick, 1976; Estoque, 1981; Estoque and Gross, 1981] .
3. The additional increase of the geostrophic flow (Yg = 10 m s -1) produces a noticeable difference between the cool (Figure 2f ) and less cool (Figure 2g ) WB. The typical sensible heat fluxes over the land section remain similar to those in Figures 2d and 2e . However, the cool WB atmosphere is affected by the sensible heat flow more than that of the less cool WB as a result of the greater difference between the water surface temperature and the overlying atmosphere. Hence in the cooler WB case the pattern of the breeze, which is shifted by the relatively strong synoptic flow in the downstream direction, is markedly evident in the figures. In the less cool WB case, however, the local wind breeze appears only as a perturbation to the synoptic flow, since it is not intense enough to oppose the relatively strong synoptic flow. Eliminating the fluxes over the WB (Figure 2h ) reduces somewhat this perturbation. For case h the thermal difference is established because of the lack of thermal interactions when the flow crosses the 4. SUMMARY AND CONCLUSIONS It has been shown that for relatively narrow, elongated cool water bodies, the effect of the water surface temperature on the development of the WB breeze is not important in the determination of the breeze intensity as long as the synoptic flow is not strong (and while assuming that at the onset of the breeze the thermal stratification is horizontally homogeneous). This pattern results since the cooling effect of the sensible heat fluxes on the stable atmospheric marine layer is negligible as compared with the corresponding warming effect over the land. Therefore it is suggested that in those cases the magnitude of the heating of the atmosphere over the land is the main factor in the determination of the breeze intensity associated with the WB. However, when the synoptic flow is relatively strong, increased sensible heat fluxes over the cold water are likely to enhance the WB breeze.
The symmetric flow pattern of the WB breeze in the absence of synoptic flow is distorted when cross-WB synoptic flow exists, shifting the lake breeze downstream with respect to the synoptic flow direction. For weak land-water surface temperature contrasts, even with strong synoptic flow, the WB breeze effect is evident only by a slight modification of the synoptic flow intensity while crossing the water.
Finally, the surrounding of the WB, which was considered in the present study to consist of relatively dry, bare soil, may in the real world consist of wet soil/vegetative cover (or a combination of both). Evaluation of such situations requires a more extended study. Generally, for these situations, suppression of the onshore sensible heat fluxes is expected. Hence the following qualitative modifications in the flow patterns presented in Figure 2 are suggested for these situations: (1) in Figures 2a-2c the SB intensity will be reduced; and (2) in Figures 2d-2h counterflows involved with the generation of the SB will be suppressed or eliminated.
